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RipplyThe rostro-caudal patterning within a somite is periodically established in the presomitic mesoderm (PSM).
In the mouse, Mesp2 is required for the rostral property whereas Notch signaling and Ripply2, a Mesp2-
induced protein that suppresses Mesp2 transcription, are required for the caudal property. Here, we
examined the mechanism behind rostro-caudal patterning by comparing the spatial movement of Notch
activity with Mesp2 protein localization in wild-type embryos and those defective in Ripply1 and 2, both of
which are expressed in the PSM. Mesp2 protein appears ﬁrst as a thin band in the middle of the traveling
Notch active domain in both wild-type and Ripply1/2-deﬁcient embryos. In wild-type embryos, the Mesp2
band expands anteriorly to the expression front of Tbx6, an activator of Mesp2 transcription. Notch activity
becomes localized further anteriorly to this Mesp2 domain, but does not pass over the anterior Mesp2
domain generated in the previous segmentation cycle. As a result, the Notch active domain appears to be
restricted between these two Mesp2 domains. In Ripply1/2-deﬁcient embryos, the Mesp2 band becomes
more expanded and the Notch domain is ﬁnally diminished. Interestingly, Ripply1/2-deﬁcient embryos
exhibit anterior expansion of the Tbx6 protein domain, suggesting that Ripply1/2 regulates Mesp2
expression by modulating elimination of Tbx6 proteins. We propose that the rostro-caudal pattern is
established by dynamic interaction of Notch activity with two Mesp2 domains, which are deﬁned in
successive segmentation cycles by Notch, Tbx6 and Ripply1/2.egrative Bioscience, National
Japan. Fax: +81 564 59 5240.
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
The spatial characteristics of somites—e.g., segmental borders and
the rostro-caudal pattern—are established in the anterior region of the
presomitic mesoderm (PSM) at regular time intervals. This periodicity
is originally generated by the so-called “segmentation clock,” which
manifests itself by the oscillation of gene expression (Gajewski et al.,
2003; Henry et al., 2002; Hirata et al., 2002; Holley et al., 2000; Jiang
et al., 2000; Oates and Ho, 2002; Palmeirim et al., 1997). In the PSM of
the mouse embryo, oscillatory transcription of Hes7, encoding a bHLH
transcription factor whose expression is induced by Notch signaling,
and of Lunatic fringe (Lfng), encoding a modulator of Notch signaling,
travels in a posterior-to-anterior direction during each segmentation
cycle (Aulehla and Johnson, 1999; Bessho et al., 2001, 2003). Notch
activity itself also oscillates and travels in a similar manner (Huppert
et al., 2005; Morimoto et al., 2005). This Notch oscillation is ﬁnallystabilized in the anterior PSM, where the temporal periodicity is
translated into the spatial pattern that is deﬁned by segmental
borders and rostro-caudal compartments.
In this tempo-spatial transition, border formation between somites
is a relatively well-characterized event. First, the presumptive somite
borders are primarily deﬁned by the “determination front,” which is
thought to be established in a manner dependent on the antagonistic
interaction between FGF and retinoic acid (RA)-signaling gradients
(Delﬁni et al., 2005; Diez del Corral et al., 2003; Dubrulle et al., 2001;
Moreno and Kintner, 2004; Sawada et al., 2001; Wahl et al., 2007). At
the determination front, expression of Mesp2, a bHLH transcription
factorwhose expression is suppressed by FGF signaling in the posterior
PSM, is turned on (Delﬁni et al., 2005; Oginuma et al., 2008; Saga et al.,
1997). During a segmentation cycle, Mesp2 mRNA is maximally
expressed in a one-somite-length fashion, then gradually contracting
to the rostral half, and ﬁnally disappearing. Mesp2 expression is
dependent on the Tbx6 transcription factor and Notch signaling
(Yasuhiko et al., 2006). Thus,Mesp2 is expressed to the anterior top of
the Tbx6 expression domain, which is consistent with a segmental
border, and is expressed in a periodical fashion,which is deﬁned by the
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degradation of Tbx6 proteins in a ubiquitin-dependent manner
(Oginuma et al., 2008). This degradation subsequently creates a next
segmental border, or the new anterior border of Tbx6 proteins, which
deﬁnes another Mesp2 expression domain induced in the next
segmentation cycle. By these coordinated interactions, the segment
border is dynamically established at regular time intervals.
In addition to border formation, Notch signaling andMesp2 activity
also play roles in the rostro-caudal patterning of a somite. For instance,
mouse embryos defective in Notch signaling, caused by knocking out
Dll1 or Presenilin 1, show rostralized somites, whereas those lacking
Mesp2 activity exhibit caudalization of their somites (Hrab de Angelis
et al., 1997; Koizumi et al., 2001; Saga et al., 1997; Takahashi et al.,
2000). Consistent with their roles in rostro-caudal patterning, the
domain of Notch activity and Mesp2 expression become contracted in
the caudal half of S0 (the prospective somite in themost anterior PSM)
and in the rostral half of S-I (the prospective somite posterior to S0),
respectively (Morimoto et al., 2005). However, some critical questions
for understanding the molecular mechanism of the rostro-caudal
patterning remain to be elucidated. For instance, how does the Mesp2
activity become contracted into the rostral S-I? How does the Notch
active domain become localized into the caudal S0? And an important
question is how the intra-somitic border between rostral and caudal
compartments is deﬁned.
Recently, we and other groups showed that transcription factors of
the Ripply family are also required for rostro-caudal patterning in
several organisms (Chan et al., 2006; Kawamura et al., 2005;Morimoto
et al., 2007). Ripply proteins suppress Tbx-mediated transcription of
Mesp genes by recruiting the Groucho/TLE co-repressor (Kawamura
et al., 2008; Kondow et al., 2007). In the mouse, Ripply2-null mutant
embryos exhibit highly rostralized somites (Morimoto et al., 2007). On
the other hand, Mesp2 is required for Ripply2 expression, indicating
that Mesp2 suppresses its own expression by activating Ripply2
expression. Based on the result that a Ripply2 deﬁciency leads to
persistent expression ofMesp2 in the rostral compartment at S0, itwas
proposed that the persistence of Mesp2 expression leads to the
suppression of the caudal characteristics (Morimoto et al., 2007).
However, it seemed uncertain whether and how the persistently
expressed Mesp2 in the rostral compartment suppresses Notch
activity in the caudal compartment because of a lack of analysis of
the dynamic process of the rostro-caudal patterning in Ripply2-
deﬁcient embryos. Furthermore, because an additional member of the
Ripply family, Ripply1, is also expressed in the anterior PSM, it is also
uncertain how the segmentation is disturbed when all of the Ripply
activities are eliminated.
Therefore, in the present study,we eliminated all of the functions of
the Ripplys by generating a Ripply1 and Ripply2 double-null mutant,
and then examined the dynamic processes of rostro-caudal patterning
by exhaustive examination of periodical changes in the location of the
Notch active domain and the Mesp2 protein domain in wild-type and
Ripply-deﬁcient embryos at several distinct phases of the segmenta-
tion cycle. Based on our analysis, we propose a model that can explain
the processes of localization of Notch activity into the caudal
compartment and of positioning of the intra-somitic boundary
between the rostral and caudal compartments. This model shows
that the rostro-caudal pattern is not deﬁnedby a simple read-out of the
segmentation clock, but rather is regulated by coordinated dynamic
interactions between Notch activity and two Mesp2 domains, which
are deﬁned by the interaction among Notch, Tbx6, and Ripply1/2.
Materials and methods
In situ hybridization
Whole-mount in situ hybridization was performed following a
standard procedure. For the Ripply1 probe, we constructed pBlue-scriptIISK-Ripply1-R9ΔGA, containing a full-length cDNA with dele-
tion of the guanine/adenine-rich region in the 3'UTR. The other probe
used was described previously (Bessho et al., 2003; Kawamura et al.,
2005; Takahashi et al., 2000, 2007).
Mice
The Ripply2 and Mesp2 null mice were made as described, res-
pectively (Morimoto et al., 2005; Takahashi et al., 2000). EIIa-Cre
transgenic mice were kindly provided Dr. H. Westphal (Lakso et al.,
1996).
Targeted disruption and generation of Ripply1-deﬁcient mice
Ripply1 genomic loci were isolated from CJ7 ES cells. CJ7 ES cells
were electroporated with a linearized targeting vector and selected by
G418-resistance and by PCR as described earlier (Takada et al., 1994).
Targeted clones were further conﬁrmed by Southern blot analysis.
Hemizygous ES cells were injected into blastocysts of C57BL/6mice to
generate germ-line chimeras. Because Ripply1 is on the X chromo-
some and CJ7 ES cells are derived from male mice, we adopted the
Cre-loxP system to circumvent the possibility of male lethality in
chimeric mice. Floxed Ripply1 mice were then crossed with EIIa-Cre
transgenic mice to remove a sequence containing the three exons
and the PGK-neo-FRT cassette, resulting in generation of female
Ripply1 heterozygotes (Ripply1−/X) for further generation of male
Ripply1−/Y and female Ripply1−/Ripply1− mutant mice. Genotypes
were determined by PCR using the following three primers: F1 primer
(5’-ACGAGTCTTCCTTTAGCTGC-3’), F2 primer (5’-GTTGGCGCCTACC-
GGTGGATGTGGAATGTGTG-3’), R1 primer (5’-AGTGGGAGGAGCTAG-
CAAGTGTCTGGGTCT-3’). Using RT-PCRwith speciﬁc primers designed
for the coding regions of the Ripply1 gene, we detected no Ripply1
transcripts in the neonatal tongue (data not shown), in which Ripply1
is abundantly expressed (Kawamura et al., 2005).
Skeletal preparation
Skeletal preparation of newborns was performed as previously
described with some modiﬁcations (Ohbayashi et al., 2002). Postpar-
tum day 0 pups were skinned and eviscerated, ﬁxed in a 99% ethanol
solution for 3 days, and then treated in acetone for 3 days to remove
the fat. Pups were stained for 2 days with a mixture of 0.15% Alcian
blue and 0.1% Alizarin Red S in ethanol/acetic solution and cleaned in
1% trypsin for 6–12 h. A second cleaning was performed using 0.1%
KOH for several hours or overnight at room temperature.
Immunohistochemistry
Embryos were ﬁxed in 4% paraformaldehyde, embedded in OCT,
and sectioned at 7 μm. Sectionswere immersed in unmasking solution
(Vector Laboratories) and autoclaved at 105 °C for 15 min to enable
antigen retrieval (Morimoto et al., 2005). Then, the sections were
stained by using either anti-Mesp2 (1:500) (Morimoto et al., 2005),
anti-activated Notch1 (1:250, Cell Signaling technology) or anti-Tbx6
(1:500) (White and Chapman, 2005) as the primary antibody,
followed by a horseradish peroxidase-conjugated donkey anti-rabbit
IgG antibody (1:1000, Promega) as a secondary antibody and Cyanin3
tyramide or ﬂuorescein isothiocyanate (FITC)-conjugated tyramide
(Perkin Elmer) for signal detection.
Double immunostaining was carried out as described previously
(Oginuma et al., 2008). Sections were incubated with anti-activated
Notch1 (1:250) primary antibody after antigen retrieval, followed by
incubation with Histoﬁne (Nichirei Bioscience), and treatment with
Cyanin3 tyramide. Second, for the detection of Mesp2 or Tbx6, the
same sections were incubated with anti-Mesp2 (1:1000) or anti-Tbx6
(1:500) primary antibody, followed by incubation with horseradish
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detected with FITC tyramide.
Mathematical analysis
In this study, we developedmathematicalmodels for the dynamics
of expression patterns of segmentation genes following the idea of the
“clock and wave front model” (Giudicelli et al., 2007). This model
includes the dynamics of the expression of 8 components, NICD, Tbx6,
mesp2 (mRNA),Mesp2 (protein), ripply (mRNA), Ripply (protein), FGF
and the segmentation clock. The segmentation clock is a hypothetical
element, the amount of which is assumed to oscillate periodically in
cells of the PSM. Based on the “clock and wave front model,” we
assumed that the hypothetical segmentation clock regulates the
expression of segmentation genes and that the oscillation rate of the
clock is regulated by the gradient of FGF in the PSM.
The PSM is modeled as a 1-dimensional arrangement of 500 cells
along theA-P axis. Thedynamicsof geneexpressions is cell-autonomous
and progresses discretely with time in each cell. We do not include
interaction between cells into the dynamics. In other words, the
dynamics is expressed as ordinary difference equations. The concen-
tration of FGF does not change with time, but decreases spatially from
the posterior end toward the anterior direction in the PSM.
A new cell is added at the most posterior margin in every 5 time
step of dynamics of gene expression. At the same time, a cell is
removed from the most anterior end of the PSM. Gene expression
levels in the newly added cell are 1 (maximum) for Tbx6, and 0 for
mesp2 (mRNA), Mesp2 (protein), ripply (mRNA), and Ripply (pro-
tein). The levels of NICD and the segmentation clock in the newly
added cells are the same as that of the previous most posterior cell. At
every cell addition the distribution of FGF shifts toward the posterior
direction with one-cell-length while keeping the shape. The initial
values of gene expressions are 0 except for FGF.
The distribution of FGF is given by the following:
fgf ið Þ = f1− exp½−0:02ð150−iÞ1− exp½−0:02 × 150 0≤ i b 150ð Þ
0 ð150≤ i b 500Þ
;
where i is the cell identity counted from the most posterior cell.
The dynamics of the genes are the following:
segclock t + 1; ið Þ = modðsegclock t; ið Þ + fgf ið Þ= 120;1Þ
nicd t + 1; ið Þ = nicd t; ið Þ + sn × H½segclock t; ið Þ−Tnc
−dmn × H½mespP−Tnm × nicd t; ið Þ−dn × nicd t; ið Þ
mespT t + 1; ið Þ = mespT t; ið Þ + smt × H½nicdðt; iÞ−Tmn
× H½tbxðt; iÞ−Tmt  × H½Tmr−ripplyPðt; iÞ−dmt
× mespTðt; iÞ
mespP t + 1; ið Þ = mespP t; ið Þ + smp × mespTðt; iÞ−dmp × mespPðt; iÞ
ripplyT t + 1; ið Þ = ripplyT t; ið Þ + srt × H½mespðt; iÞ−Trm−drt
× ripplyTðt; iÞ
ripplyP t + 1; ið Þ = ripplyP t; ið Þ + srp × ripplyTðt; iÞ−drp × ripplyPðt; iÞ
where ss's and ds's are rates of synthesis and degradation of the
components, respectively. We used the same values ss=0.03 and
ds=0.02 for all of the genes and proteins. H is a unit step function
deﬁned as
H xð Þ = 0 x b 0ð Þ1 0≤ xð Þ
The Ts's are the parameters of the threshold of gene regulations.
The regulations between genes are based on previous studies.
We developed two different models, model A and model B. The
dynamics of Tbx6 is different between the two models. The
regulations in model A are based on previous beliefs; whereas
those in model B are based on the facts determined by the
experiments in this present study.
Model A:
tbx t + 1; ið Þ = tbx t; ið Þ−dt × H½mespP−Ttm × tbxðt; iÞ
Model B:
tbx t + 1; ið Þ = tbx t; ið Þ−dt × H½ripplyP−Ttr  × tbxðt; iÞ
We analyzed these models by numerical simulations. In the analysis,
we calculated thedynamics for 1500steps.We focusedon thepatterns of
thewild-type or Ripplymutant.Whenwe calculated the dynamics of the
Ripplymutant,weﬁxed the valuesof ripplyT and ripplyP to be0. Thewild-
typephenotype in the actual embryo is characterizedbya clear boundary
between theMesp2 and theNICDdomains,while themutant phenotype
is characterized by overlap between these twodomains.We changed the
parameters of the regulatory threshold Ts's and determined a range of
parameter values from which we obtained the objective patterns.
Results
Ripply1 expression in the PSM is dynamic and requires Mesp2
Because the precise tempo-spatial expression of Ripply1 during
somitogenesis has not been clariﬁed, we used in situ hybridization to
examine its expression in mouse embryos starting at E8.5 (Fig. 1A–E).
Ripply1 mRNA was ﬁrst detected at E8.5 (Fig. 1A), and was
continuously expressed until E12.5 (Fig. 1E). During this period,
Ripply1 was expressed in the anterior PSM (S-I, S0) in various ways;
whereas Ripply1mRNAwas observed in the rostral half of prospective
somite S0, its expression in S-I varied from almost no expression to
one-somite-length expression (Fig. 1F, G). In addition, its expression
was weakly observed in the rostral half of several newly formed
somites (SI and SII) at E9.5 (Fig. 1B). Similarly, Ripply2 is also
expressed in the rostral half of S-I and/or S0, although it is not
observed in somites (Biris et al., 2007). We noted that Ripply2
expression in S-I also varied (Supplementary Fig. S1). These results
suggest that Ripply1 and Ripply2 expressions are similarly regulated,
and that these two Ripplys may function in a coordinated fashion in
the segmentation of somites. Furthermore, as in the case of Ripply2
expression (Morimoto et al., 2007), Ripply1 expression was com-
pletely lost inMesp2mutants (Fig. 1H, I), indicating that both Ripply2
and Ripply1 require Mesp2 for their expression.
Ripply1/2 double-null mice exhibit complete loss of their caudal
characteristics
To examine the role of Ripply1 in somitogenesis, we introduced a
mutation in Ripply1 using a gene targeting strategy to create a null
allele (Supplementary Fig. S2A, B). Ripply1-null mutant mice were
viable and fertile, and most of them had no overt physical or
behavioral abnormalities. In some of the Ripply1-null mutant mice,
however, a part of the seventh cervical vertebra was elongated like a
rib and fused with the ﬁrst rib bone (Supplementary Fig. 2C).
We then examined whether loss of Ripply1 function affects the
segmentation phenotype observed in Ripply2-deﬁcient embryos
(Morimoto et al., 2007). The rostral and causal compartments within
a somite are segregated and re-fused with adjacent compartments to
form vertebra. In this process, the pedicle of the neural arch in
Fig. 1. Expression of mouse Ripply1 mRNA during somitogenesis. (A–E) The expression of Ripply1 in the PSM and somites at various developmental stages. Mouse Ripply1 is ﬁrst
expressed at E8.5 in the anterior presomitic mesoderm (PSM) (A). At E9.5, Ripply1 is also expressed in several newly formed somites as well as in the anterior PSM (B). Ripply1 is
continuously expressed in a stripe fashion in the anterior PSM at E10.5 (C), E11.5 (D) and E12.5 (E). Arrowheads indicate positive signals. (F, G) The expression patterns of Ripply1
changes dynamically in the anterior PSM at E 9.5. (H, I) Ripply1 expression is lost in aMesp2mutant embryo. While stripe expression ofMesp2mRNA is observed in the anterior PSM
in a Mesp2 heterozygous embryo at E11.0 (H), its expression is not detected in a Mesp2 homozygous embryo (I).
137J. Takahashi et al. / Developmental Biology 342 (2010) 134–145vertebra is derived from the caudal compartment. Whereas Ripply2-
null mice had a partial pedicle of neural arches and separated
lamina, Ripply1/2 double-null mice showed a complete loss of the
pedicle and fusion of the lamina in the vertebrae (Fig. 2A–D). Thus,
skeletal staining indicated that Ripply1/2 double-null mice exhibited
more rostralized vertebrae compared with Ripply2-null mice.
Enhanced rostralization in Ripply1/2 double-null mice was also
conﬁrmed by expression analysis of both caudal- and rostral-speciﬁc
marker genes of somites. In Ripply2-null embryos, Uncx4.1 expres-
sion, which was localized in the caudal half of the somites in wild-
type and Ripply1-null embryos (Fig. 2E, F), was almost lost, but a
weak signal detectable after an extended period of staining was
retained (Fig. 2G, G’). On the other hand, in Ripply1/2 double-null
embryos, Uncx4.1 expression was completely undetectable even with
lengthy staining, indicating complete loss of caudal characteristics
(Fig. 2H, H’ and Supplementary Fig. S3A). Similarly, caudal expansion
of a rostral marker, Tbx18, observed in Ripply2-null embryos was
more evident in Ripply1/2 double-null embryos (Fig. 2I–L, K’, L’).
Thus, the loss of Ripply1 enhances the rostralized phenotype of
Ripply2-null embryos.
This enhanced rostralization already occurred in the anterior PSM,
where the rostro-caudal pattern is primarily established. Mesp2
expression is dynamic during a segmentation cycle; the expression
domain of Mesp2 mRNA appears as a single band of one-segment-
length, and then gradually contracting, leaving the rostral half of its
expression domain intact. In contrast to wild-type and Ripply1mutant
embryos, in which the spatial pattern of Mesp2 mRNA varied from
one-segment-length to no band (Fig. 2M and data not shown), all the
Ripply2-null embryos clearly showed at least one and sometimes two
Mesp2 bands, indicating persistence of Mesp2 expression, as previ-
ously reported (Fig. 2N) (Morimoto et al., 2007). In the population of
Ripply1/2 double-null embryos, the ratio of embryos with two Mesp2
bands was increased (Fig. 2O), indicating that Mesp2 mRNA is more
persistent in Ripply1/2 double-null embryos. Similarly, Mesp2
proteins were more persistent in Ripply2-null embryos than in the
wild-type, and their persistence was enhanced in Ripply1/2 double-
null embryos (Fig. 2P–R). A reduction in Notch signaling, which is
assessed by expression of Hes5, a transcriptional target of Notch
signaling (Takahashi et al., 2007), was also enhanced in the anteriorPSM by causing loss of Ripply1 in Ripply2 mutant embryos (Supple-
mentary Fig. S3B). In contrast to the defective gene expression in the
anterior PSM, expression of Dll1, Lfng, and Hes7 in the posterior PSM
was normal in Ripply1/2 double-null embryos, as previously observed
in Ripply-2 mutants (Supplementary Fig. S3B, C). Thus, Ripply1 and 2
are not likely to be involved in the segmentation clock in the posterior
PSM but play a role in the rostro-caudal patterning in the anterior
PSM.
Dynamic movement of the Notch active domain in association with two
Mesp2 expression domains
Because Ripply1/2 double-null embryos exhibit a completely
rostralized phenotype, a straightforward prediction about Mesp2
expression in these embryos is that its expression is maintained in a
one-segment-length fashion without rostral contraction. If this is the
case, the Mesp2 mRNA domain in the next segmentation cycle
should also appear in one-somite-length adjacent to the Mesp2
domain activated in the previous cycle. As a result, there should be
no gap between these two Mesp2 domains. However, in some
Ripply1/2 double-null embryos, a gap between two Mesp2 bands
was clearly observed (Fig. 2O, right). Similarly, two Mesp2 protein
domains appeared separately in some Ripply1/2 double-null embryos
(Fig. 2R, left). These ﬁndings prompted us to examine the dynamic
process of Mesp2 expression and Notch activity both in wild-type and
Ripply mutant embryos. We examined exhaustively the dynamic
changing of the expression domain of Mesp2 protein, but not its
mRNA, in comparison with the movement of Notch activity in wild-
type and Ripply mutant embryos (Fig. 3). According to the previous
deﬁnition by Oginuma et al., distinct phases of the segmentation
cycle were identiﬁed as phases I, II, and III by a Notch standard time,
which is assessed by the localization of the active Notch (Notch
intracellular domain, NICD) in the posterior PSM (Oginuma et al.,
2008). Because the results from our examination highlighted at least
three features of the movement of the Mesp2 and Notch active
domains that had not yet been precisely characterized even in wild-
type embryos, we ﬁrst describe these features below.
One of these features is the positioning of the anterior edge of the
Notch domain. Although the changing of the Notch active domain
Fig. 2. Ripply1/Ripply2 double-null mice exhibit completely rostralized somites. (A–D) Skeletal preparations of a wild-type mouse, a Ripply1-null mutant, a Ripply2-null mutant, and
a Ripply1/Ripply2 compound mutant at P0. Pedicles of neural arches, which derive from caudal compartments of somites, are normal in the wild-type (A) and Ripply1-null mutant
mice (B). In contrast, pedicle formation is defective in Rippy2-null mutant (C), and the pedicles are completely missing in Ripply1/2 double-null mutant (D). Arrowhead indicates the
position of neural arch of pedicle. (E–L, G’, H’, K’, L’) Molecular characteristics of the rostro-caudal patterning of somites in Ripply-deﬁcient embryos. Expression of a caudal marker,
Uncx4.1 (E–H), and a rostral marker, Tbx18 (I-L), was examined in the tail regions of E11.5 embryos of the wild-type (E, I), Ripply1-null (F, J), Ripply2-null (G, K), and Ripply1/2
double-null (H, L) embryos. Whereas Uncx4.1 is expressed in the caudal half of each somite in wild-type (E) and Ripply1-null mutant (F) embryos, its expression is severely reduced
in Ripply2-null (G) and Ripply1/2 double-null (H) embryos. Furthermore, after an extended period of staining, a weak Uncx4.1 signal is detected in Ripply2-null embryos (G’), but no
detectable Uncx4.1 expression is observed in Ripply1/2 compound mutant embryos (H’). On the other hand, expression of Tbx18 is localized in the rostral half of somites in the wild-
type (I) and Ripply1-null embryos (J). Tbx18 expression is expanded caudally in Ripply2 (K) and Ripply1/2 double-null mutant (L) embryos. In Ripply1/2 double-null mutant embryos
(L, L’), this expansion is enhanced because any gap (asterisks) in Tbx18 expression observed at the inter-somitic boundaries in Ripply2-null embryos (K, K’) is not observed. Panels K’
and L’ show high magniﬁcations of panels K and L, respectively. (M–R)Mesp2 expression in Ripply-deﬁcient embryos. Whole-mount in situ hybridization was performed to examine
the expression ofMesp2 in wild-type (M), Ripply2-null (N), and Ripply1/2 double-null (O) embryos at E11.5. The expression pattern ofMesp2mRNA is changed in various ways, and
typical expression patterns are shownwith the number of embryos displaying individual expression patterns out of the total number of embryos analyzed. Typical patterns of Mesp2
protein localization in the wild-type (P), Ripply2-null (Q) and Ripply1/2 double-null (R) embryos at E11.0 are shown. Incidence of each pattern is indicated at the bottom right.
Whereas the incidence of double striped bands is similar between the wild-type and Ripply2-deﬁcient embryos, double striped bands are frequently observed in Ripply1/2-deﬁcient
embryos. In contrast to wild-type, the expression level of Mesp2 proteins is higher in Ripply2-deﬁcient embryos, and especially in Ripply1/2 double-null embryos.
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Fig. 3. Periodic changes of Mesp2 protein domain and Notch active domain in the anterior PSM of wild-type and Ripply-deﬁcient embryos. (A–L) Spatio-temporal patterns of Mesp2
protein localization and Notch signal activity during somitogenesis were examined by double immunostaining using antibodies against NICD and Mesp2 with wild-type (A-F),
Ripply2-null (G-I), and Ripply1/2 double-null (J–L) embryos at E11.0. In addition to images stained with either anti-NICD or anti-Mesp2 antibodies, images combined with these two
images are also shown. Embryos at four individual time points during a segmentation cycle are arranged: phase I (A, B, G, J), phase II (C, D, H, K), and phase III (E, F, I, L). Asterisks in
panels E, F, I, and L indicate initial expression of Mesp2 proteins. The phase of each embryo was estimated by the pattern of NICD staining in the posterior PSM. (A’–L’) Magniﬁed
images of double-stained sections (indicated as Merge in A–L). Right panels show schematic representation of Mesp2 expression and Notch activity in each phase.
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rostro-caudal patterning had still been obscure except with respect
to the formation of inter-somitic boundaries. We observed that the
progressing anterior front of the Notch domain came to border the
posterior edge of the Mesp2 expression domain at late phase II
(Fig. 3D). Given that the Mesp2 domain had already contracted into
the rostral half of a presumptive somite at this time, the Notchdomain invaded into the caudal half. Importantly, this Notch active
domain did not pass over the caudal edge of the Mesp2 protein
domain. Furthermore, the Notch active domain expands to a more
anterior region in Mesp2-deﬁcient embryos, indicating that Mesp2 is
required for inhibition of anterior expansion of the Notch domain
(Morimoto et al., 2005) (Supplementary Fig. S4). These results
suggest that Mesp2 activity prevents the anterior progression of the
140 J. Takahashi et al. / Developmental Biology 342 (2010) 134–145Notch active domain at the middle of a presumptive somite, resulting
in the establishment of an intra-somitic boundary between rostral
and caudal compartments.
The second feature is the movement of the Mesp2 protein domain
in its initial activation. The Mesp2 protein domain contracts in the
rostral direction during a segmentation cycle. As previously described,
the anterior edge of this domain is adjacent to the rostral border of a
presumptive somite in most of the period of a cycle (Morimoto et al.,
2005). In contrast, our analysis also provided evidence that the
anterior edge is not consistently adjacent to the rostral border. We
found that a new cycle of Mesp2 expression was ﬁrst activated as a
thin stripe in phase III (asterisks in Fig. 3E, F). To distinguish this
newly activated Mesp2 from the preexistent Mesp2 activated in the
previous segmentation cycle, we refer to the newly activated Mesp2
as Mesp2(n) and the preexistent one as Mesp2(p). In accordance with
the progression of a segmentation cycle, this Mesp2(n) domain
expanded (Fig. 3E, F). Given that Mesp2 expression is induced in
accordance with the anterior progression of Notch activity, Mesp2(n)
expression should turn on subsequently following the anterior
progression of the Notch wave. Thus, the Mesp2(n) protein domain
appears to be initially activated as a thin stripe and then to expand
anteriorly.
The third feature is the contraction of the Notch domain. During
anterior contraction of the Mesp2(n) domain, an overlap between
Notch activity and Mesp2 protein was observed in the anterior side of
the Mesp2(n) domain (Fig. 3A, B). Because Mesp2 suppresses Notch
activity, the action of anteriorly moving Mesp2(n) appears to contract
the Notch active domain. On the other hand, because Mesp2 requires
Tbx6 for its expression (Yasuhiko et al., 2006), Notch activity outside
of the Tbx6 expression domain should not be affected by Mesp2(n),
and should ﬁnally persist in the caudal S0. Thus, the position of the
anterior front of the Tbx6 domain should affect the persistence of the
Notch active domain. Actually, immunohistochemical analysis with
antibodies against Tbx6 and the Notch active domain indicated that
the Notch active domain that remained in the caudal S0 was outside of
the Tbx6 domain in phase II (Supplementary Fig. S5). Ascending to
phase III in the previous segmentation cycle, a part of the anterior
Notch domain had already moved out of the anterior front of the Tbx6
domain (indicated with an asterisk in Supplementary Fig. S5),
suggesting that this Tbx6-free Notch region was not affected by
Mesp2(n) after this phase, and ultimately remained in the caudal S0 at
phase II. Thus, anterior expansion of Mesp2(n) is likely to constrain
the Notch domain into the region anterior to the Tbx6 domain.
Together, Mesp2 appears to restrict the Notch active domain into the
caudal S0 in two distinct aspects. The ﬁrst feature shown above
indicates that Mesp2(p) arrests the anterior progression of the Notch
domain within a presumptive somite. On the other hand, the second
and the third features show that anteriorly moving Mesp2(n) actively
eliminates Notch activity up to the presumptive border between
somites. These results provide an advanced view of the rostro-caudal
patterning process, in which dynamic interaction between Notch
signaling and Mesp2 and its spatial relation to the anterior front of
Tbx6 deﬁnes the caudal compartment.
Ripply1 and Ripply2 control dynamic movement of Mesp2 expression
and Notch activity in the anterior PSM
To identify a process affected by the reduction of Ripply activity,
we then examined the movement of the Notch and the Mesp2
domains in Ripply-deﬁcient embryos. The Notch active domains
traveled in the posterior PSM even in Ripply2-null and Ripply1/2
double-null embryos, as observed in wild-type embryos (Fig. 3G–
L). However, only a trace of Notch activity persisted anterior to the
Mesp2(n) domain in phase II in Ripply2-null embryos (Fig. 3G–I).
Moreover, in Ripply1/2 double-null embryos, Notch activity was
highly reduced; and no obvious Notch stripe was observed in thearea anterior to the Mesp2(n) domain at phase II (Fig. 3J–L). Thus,
reduction of the Notch domain was observed after this domain
became to border to the posterior edge of the Mesp2(p) domain,
especially around the time between phase I and phase II, when the
anteriorly expanding Mesp2(n) domain gradually eliminates the
Notch domain.
Previously, we and others showed that Ripply proteins can repress
Tbx-mediated transcription of Mesp genes in vitro and in vivo
(Kawamura et al., 2008; Kondow et al., 2007). Given that the
expression of Ripply1/2 is induced following Mesp2 expression in
the anterior PSM, repression of Tbx-mediated transcription by
Ripply1/2 may result in contraction of the Mesp2 domain in wild-
type embryos. However, considering that Mesp2 expression also
induces the degradation of Tbx6 proteins, the period in which
Ripply1/2 functions as a repressor of Tbx6 is likely to be quite
limited; and it is uncertain whether a failure in this function of
Ripply1/2 can result in the phenotype observed in Ripply1/2 double
mutant embryos. To consider whether failure of Ripply-mediated
transcriptional suppression can cause the Ripply1/2 mutant pheno-
type, we developed a mathematical model, following the idea of the
“clock and wave front model” (Giudicelli et al., 2007), for the
dynamics of Mesp2 expression and Notch activity. This numerical
simulation indicated that, under the parameter conditions where
patterns of Mesp2 expression and Notch activity were recapitulated in
the wild-type situation, the model could not generate the patterns
observed in Ripply1/2 mutants when the suppressor function of
Ripply was disrupted. (Fig. 4A, B).
In contrast, we found another role of Ripply1/2 in the anterior PSM.
The Tbx6 domains expanded anteriorly in Ripply2-null embryos, and
that this expansion was enhanced in Ripply1/2 double-null embryos
although the expression pattern of Tbx6 mRNA was not changed (Fig.
5A–F). Anterior expansion of the Tbx6 protein domain was also
observed inMesp2-deﬁcient embryos (Fig. 5G) (Oginuma et al., 2008),
but notably Mesp2 expression was quite upregulated in these Ripply
mutant embryos. Because Ripply1 and 2 are expressed depending on
Mesp2 in the PSM (Fig. 1H, I), Ripplys appear to act as key mediators in
Mesp2-dependent degradation of Tbx6 proteins.
Whereas Tbx6 degradation at the anterior top of the Tbx6 expression
domain occurred between phase I and early phase II in wild-type
embryos (Fig. 5H–K and Supplementary Fig. S5), Tbx6 proteins
remained persistently until early phase II in the Ripply2-null embryos
(Fig. 5L–O). Furthermore, the anterior front of the Tbx6 domain was
anteriorly expanded through all phases of the segmentation cycle in
Ripply1/2 double-null embryos (Fig. 5P–S). Because of this expansion,
Mesp2(n) should continue to be expressed in a more anterior region;
and thus Notch activity would seem to be ﬁnally eliminated between
this anteriorly expandedMesp2(n)expression andMesp2(p) inRipply1/
2 double-null embryos. After this, we developed a new mathematical
model in which Ripply also acts in the elimination of Tbx6 (Model B)
(Fig. 4C,D). Thenumerical simulationusing thismodel indicated that the
Mesp2 expression domain and the Notch active domain cannot be
separated at all, and that Notch activity reduces, under conditionswhere
Ripply1/2 causes elimination of Tbx6 proteins, in addition to suppres-
sion of Tbx6 activity. Together, these data indicate that the Notch active
domain is progressively reduced during a segmentation cycle in
association with the expansion of the two Mesp2 domains in Ripply-
deﬁcient embryos, and suggest that insufﬁcient suppression of Tbx6-
mediated Mesp2 transcription, at least a part of which is dependent on
elimination of Tbx6 proteins, causes this abnormality.
Discussion
Molecular mechanism of rostro-caudal patterning within a somite
The rostro-caudal patterning of somites occurs sequentially in the
anterior PSM based on the periodicity generated in the posterior PSM
Fig. 4. Mathematical models for the dynamics of Mesp2 expression and Notch activity. (A, C) Schematic representation of regulatory linkages in Model A (A) and Model B (C).
(B, D) Examples of snapshots (phase II) of the distribution of protein concentration obtained by numerical simulations using Model A (B) andModel B (D). Composite patterns of ﬁve
(FGF, NICD, Tbx6, Mesp2, Ripply) and two (NICD, Mesp2) components are shown separately (top and middle) for the wild-type (left) and the Ripply mutant (right) situations.
Schematic illustrations of the Mesp2 domain (green) and the Notch domain (magenta) in the anterior PSM are also indicated (Bottom). The vertical axes indicate the level of these
components. Horizontal axes indicate the position in PSM along the A-P axis. The levels of different proteins or activities are shown in different colors in the same scale. The label of
vertical axis “a.u.” means “arbitrary unit”. By numerical analysis, we determined the range of parameter values by which we obtained wild type patterns. The parameter range to
generate the wild-type patterns in Model B is almost the same as that in Model A. The parameter values used in the simulation are: Tnc=0.6, Tnm=0.5, Tmn=0.8, Tmt=0.5,
Tmr=0.3, Trm=0.7, Ttm=0.7 for Model A, and Ttr=0.5 for Model B. In the numerical simulations of Model A, the Notch (NICD) active domain and the Mesp2 expression domain
were clearly separated in both wild-type and Ripply mutant situations (dashed circles in B). In the numerical simulations of Model B, these two domains were clearly separated in
the wild-type, but the Mesp2 domain extended and overlapped to the anterior part of the Notch active domain in the Ripplymutant (dashed circles in D). We conﬁrmed that all of
the parameter set by which the wild-type pattern was generated could also generate the overlapped patterns in the absence of Ripply function in Model B.
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Fig. 5. Expression of Tbx6mRNA and Tbx6 protein in Ripply-deﬁcient embryos. (A–G) Expression of Tbx6mRNA (A, C, E) and Tbx6 protein (B, D, F) in wild-type (A, B), Ripply2-null
(C, D) and Ripply1/2 double-null (E, F) embryos at E11.5. Although Tbx6 mRNA is expressed normally in Ripply2-null and Ripply1/2 double-null embryos, localization of Tbx6
proteins expanded anteriorly in these embryos. In Ripply1/2 double-null embryos, this expansion is more evident (F), similar to that observed inMesp2mutant embryos (G). (H–S)
In comparison with Mesp2 protein localization (H, L, P), spatio-temporal changes in Notch signal activity (I, M, Q) and the Tbx6 protein domain (J, N, R) were examined in wild-type
(H–K), Ripply2-null (L-O), and Ripply1/2 double-null (P-S) embryos at E11.0. Double immunostaining using antibodies against NICD and Tbx6 was performed with wild-type
embryos at phase II. Combined images of NICD and Tbx6 staining are also shown (K, O, S). In addition, Mesp2 localization was examined in adjacent sections prepared from the same
embryos. In contrast to the wild-type embryo (H-K), Tbx6 proteins remain in the region adjacent to the Notch active domain (asterisk) and the Mesp2 expression domain (bracket)
remains overlapped with the Tbx6 domain even at phase II in Ripply2-null embryos (L–O). Furthermore, the localization of Tbx6 proteins is expanded more anteriorly in Ripply1/2
double-null embryos (P-S).
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role (Hrab de Angelis et al., 1997; Koizumi et al., 2001; Saga et al.,
1997). In the anterior PSM, the temporal periodicity is converted into
the rostro-caudal pattern by the function of Mesp2 and Notch
signaling (Hrab de Angelis et al., 1997; Koizumi et al., 2001; Saga et
al., 1997). However, since the expression of Mesp2 and activation of
Notch dynamically change in the PSM (Morimoto et al., 2005;
Oginuma et al., 2008), it remained unclear how and when rostro-
caudal patterning is established.
In this study, we exhaustively observed the temporal and spatial
changes in Mesp2 expression and Notch activation within a
presumptive somite in wild-type embryos. Our analysis highlighted
at least three features that had not yet been fully characterized but
that appear to be critical for understanding of the rostro-caudal
patterning process: (1) The progressing Notch domain comes to
border the posterior edge of the Mesp2 expression domain that is
activated in the previous segmentation cycle. (2) The Mesp2 protein
domain initially appears as a thin stripe, then expands anteriorly.
(3) Anterior expansion of Mesp2 is likely to constrain the Notch
domain into the region anterior to the Tbx6 domain. On the other
hand, loss of Ripply activity causes persistent expression of Mesp2,
which is likely to prevent more strongly the anterior progression of
the Notch domain. Furthermore, our analysis with Ripply-deﬁcient
embryos showed that loss of Ripply activity also caused anterior
expansion of the Tbx6 domain. This anteriorly expanded Tbx6
domain allows Mesp2 expansion in the more anterior region,
resulting in the disappearance of the Notch domain by anteriorly
expanded expression of Mesp2. Based on these features, we propose
a model that explain the rostro-caudal patterning process, especially
the establishment of the caudal compartment (Fig. 6).
First, at the transition from the posterior to the anterior PSM, the
traveling Notch domain from the posterior PSM encounters the
Mesp2 protein domain at late phase II, as we described in this study.
At this time, progression of the Notch active domain appears to be
prevented at the posterior edge of the Mesp2 domain, because Mesp2
inhibits Notch activity. This is also supported by the results from the
observation ofMesp2-deﬁcient embryos, in which the traveling Notchdomain proceeds to more anterior regions (Morimoto et al., 2005).
Because it has been shown that Mesp2 inhibits Notch activity through
activation of Lfng and suppression of Dll1 expression, the arrest of
Notch progression could be achieved by either of these mechanisms
(Morimoto et al., 2005; Takahashi et al., 2000). On the other hand, the
traveling Notch activity also induces the next round of Mesp2
expression, Mesp2(n), in the anterior PSM. Since FGF signaling
inhibits Mesp2 expression in the posterior PSM (Delﬁni et al., 2005;
Oginuma et al., 2008), Mesp2 expression should emerge ﬁrst, just
after the Notch wave has progressed into the anterior PSM region, in
which the level of FGF activity is below a certain threshold. However,
probably because the Notch wave moves so fast in comparison with
the time delay caused by transcription and translation of Mesp2, the
Mesp2(n) proteins appear ﬁrst in the middle, not at the front, of the
traveling Notch domain. Then, the Mesp2 expression domain
expands anteriorly in accordance with the progression of the
traveling Notch domain. Because Mesp2 suppresses Notch activity,
anteriorly expanding Mesp2 gradually eliminates the Notch domain
from its posterior edge and ﬁnally creates a discrete boundary
between the Mesp2 and the Notch domains when the anterior edge
of this Mesp2 domain arrives at the anterior edge of the Tbx6 domain,
that is, the segmental border (Morimoto et al., 2005). On the other
hand, the Notch active domain that proceeds to the anterior edge of
the Tbx6 domain deﬁnes the caudal compartment in S0. Thus, Mesp2
appears to restrict the Notch active domain in two distinct aspects.
One is the arrest of the anterior progression of the Notch active
domain by the Mesp2(p) within a presumptive somite, and the other
is active elimination of Notch activity by Mesp2(n) at the presump-
tive border between somites.
In this model, anterior contraction of the Mesp2 domain is a
prerequisite for invasion of the Notch domain into the caudal
compartment. The dynamic movement of the Mesp2 domains,
including this contraction, is likely to be regulated by several factors.
One may be the gradient of FGF activity, which inhibits Mesp2
transcription. Given that FGF activity gradually reduces toward the
rostral part of the presumptive somite even in the anterior PSM,
Mesp2 transcription should become higher in the rostral part during a
Fig. 6.Molecular interactions in the rostro-caudal patterning of a somite. (A) Schematic representation of interactions betweenMesp2, Notch activity, Tbx6 and Ripply. Transcription
of Mesp2 is activated by Tbx6 transcription factor and Notch signaling. Then, Mesp2 induces Ripply1/2 expression. Ripply1/2 represses Mesp2 transcription by elimination of Tbx6
protein. In addition to protein elimination, Ripply1/2 may also repress Tbx-mediated Mesp2 transcription by recruiting the Groucho/HDAC co-repressor complex, as previously
indicated in other species. (B) A model for rostro-caudal patterning during somitogenesis in the mouse. The Notch and Mesp2 domains are indicated with magenta and green,
respectively. The Notch active domain (dark magenta) travels in the posterior PSM in a posterior-to-anterior direction in phase I. Then, the anterior front of the progressing Notch
domain encounters the Mesp2 expression domain (dark green), which was already generated in the previous segmentation cycle at late phase II (between phase II and III in this
ﬁgure). At this time, progression of the Notch active domain appears to be arrested at the posterior edge of theMesp2-expressing domain becauseMesp2 (indicated by a greenmark)
inhibits Notch activity. On the other hand, a new cycle of expression of Mesp2, which is induced by traveling Notch activity, emerges in the middle-to-posterior side of the Notch
active domain (phase III). In accordance with the anterior progression of the Notch domain, Mesp2 expression subsequently turns on in the Notch domain, resulting in anterior
expansion of the newly formed Mesp2 domain (phase I in the next segmentation cycle). Finally, the Notch active domain contracts into a sharp stripe at the caudal edge of S0, and a
clear boundary is formed between this Notch domain and the newly formed Mesp2 domain (phase II in the next segmentation cycle). Ripply1/2 (indicated by a yellow mark)
regulates contraction and anterior expansion of the Mesp2 domains by inhibition of Tbx6.
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key factor is Ripply. Ripply can suppress the expression of Mesp2
through Tbx6 by two different ways. One is elimination of Tbx6
proteins, as found in this study, and the other is recruitment of the
Groucho/HDAC co-repressor complex, as shown previously to occur
in other organisms (Kawamura et al., 2008; Kondow et al., 2007)
(Fig. 6A). In Ripply-deﬁcient embryos,Mesp2 contractionwas actually
delayed although it is not certain how Ripply suppresses Tbx6. On
the other hand, persistency of Tbx6 proteins caused by a deﬁciency in
Ripply also appears to result in anterior shift of the an anterior edge of
the Mesp2(n) domain. Probably as a result of this anterior shift,Notch activity was ﬁnally eliminated in Ripply1/2 double-null
embryos. Numerical analysis based on a mathematical model also
suggested the importance of Ripply-mediated elimination of Tbx6
proteins in rostro-caudal patterning. Thus, Ripply appears to regulate
contraction of the Mesp2(p) domain and anterior expansion of the
Mesp2(n) domain by modulating stability, and perhaps partly by
regulating the activity of Tbx6 as well. As a result, it seems to deﬁne
the rostro-caudal pattern in coordination with several factors,
including FGF.
In summary, based on precise observation of the dynamic changes
in Mesp2 expression and Notch activation within a presumptive
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mechanism by which proper rostro-caudal patterning within a somite
is achieved (Fig. 6B). In this model, the Notch-active caudal
compartment is established through the dynamic interaction of the
traveling Notch activity with Mesp2(p) and Mesp2(n) around the
anterior front of the Tbx6 domain, with the Notch active domain being
deﬁned in the caudal S0. In this process, Ripply appears to regulate the
contraction and anterior expansion of Mesp2 through elimination of
Tbx6 proteins. The patterning mechanism presented in this model can
explain the dynamic changes in Mesp2 expression and Notch
signaling within a presumptive somite, especially localization of
Notch activity in the caudal compartment.
Molecular mechanism of elimination of Tbx6 proteins
A previous study showed that Tbx6 proteins are degraded in a
ubiquitin-dependent manner in the PSM (Oginuma et al., 2008). This
degradation is dependent on Mesp2 and contributes to the formation
of a clear border between theMesp2-expressing domain and the Tbx6
domain. However, it is uncertain whether Mesp2 directly regulates
this degradation or if some other factors may be activated by Mesp2
for this degradation.
Here, we show that both Ripply1 and Ripply2 are required for the
elimination of Tbx6. Because expression of Ripply1/2 requires Mesp2,
Ripply1/2 may act downstream to Mesp2 in Tbx6 degradation.
Furthermore, we noted that in the Ripply-deﬁcient embryos, where
Tbx6 proteins were more persistent than in the wild-type ones,
Mesp2 expression was increased. These ﬁndings suggest that Ripply1
and Ripply2 are more direct effectors than Mesp2 for Tbx6
degradation (Fig. 6A). Interestingly, Xenopus Ripply1/2 can physically
interact with Tbx6 through its T-domain even in the absence of DNA
(Hitachi et al., 2009). Thus, it may be possible that interaction of
Ripply1/2 with Tbx6 may trigger the degradation of Tbx6 in a
ubiquitin-dependent manner.
Difference in the role of Ripply proteins between mouse and zebraﬁsh
embryos
Previously, we showed that zebraﬁsh Ripply1 is essential for somite
segmentation (Kawamura et al., 2005). In ripply1-deﬁcent zebraﬁsh
embryos, characteristic gene expression in the PSM, includingmesp-b, is
not properly terminated. The additional defect in ripply2 enhances these
phenotypes (Moreno et al., 2008). In termsof prolongedgene expression,
Mesp2 expression is also prolonged in the PSM of Ripply1/2-deﬁcient
mouse embryos, although it is not so extended as in the case of zebraﬁsh.
This difference in the spatial distribution ofMespmRNA may reﬂect the
difference in the period required for one segmentation to occur.Whereas
mouse somites are segmented every 120 min, segmentation in zebraﬁsh
occurs every 20–30 min (Lewis et al., 2009). Therefore, if the stabilities of
mRNAs of orthologous genes are similar between species, zebraﬁsh
mesp-b mRNA might persist through more segmentation cycles. In
contrast, although the expression of a number of genes in the anterior
PSM is prolonged in ripply1-deﬁcient ﬁsh, we have not yet observed any
obvious change inmRNA expression except in that ofMesp2 in Ripply1/2
double-null mouse embryos (Supplementary Fig. S3). This difference
suggests that there may be differences in the gene regulation network
downstream of Ripply1/2 between mouse and ﬁsh.
Ripply-deﬁcient embryos also show abnormalities in rostro-caudal
patterning in somites both in mouse and zebraﬁsh, although there
appear to be some minor differences. In ripply1-deﬁcient zebraﬁsh
embryos, the rostro-caudal compartments are initially established but
not maintained, resulting in a mixture of both rostral and caudal
properties in gene expression. On the other hand, Ripply1/2 double-
null mouse embryos exhibit completely rostralized somites. The
reason for this difference in these two species is unclear, but it is
possible that the molecular network related to the Ripply/Mespsystem could have evolved differently in different species. To address
this issue, extensive molecular analysis, especially protein localization
analyses such as those performed in this study, will be required.
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